Abstract. Cell cycle regulators, such as cyclinD1 and p53, play major roles in the tumor response to radiation and chemotherapy in esophageal squamous cell carcinoma (SCC). Pin1-mediated prolyl-isomerization potentiates cell cycle progression and cell proliferation, including the regulation of cyclinD1 and p53. Herein, we investigated the effect of Pin1 in association with cyclinD1 and p53 on the sensitivity of esophageal SCC to chemoradiotherapy (CRT). The expression levels of Pin1, cyclinD1 and p53 were examined immunohistochemically in endoscopic biopsy specimens from 68 advanced esophageal SCC patients before CRT to determine whether their expression levels predicted the clinical effectiveness of CRT in individual cancers. Fortysix of the 68 patients (67.6%) had an effective response to CRT, whereas 22 patients (32.4%) had an ineffective response. There was no significant correlation between clinical responses and expression levels of cyclinD1 or p53. However, the clinical response of the high Pin1 expression group was significantly higher than that of the low expression group (P=0.0200). Moreover, our data indicate that the combined immunohistochemical evaluation of Pin1, cyclinD1 and p53 expression in pretreatment biopsy samples is a useful indicator of sensitivity to CRT in advanced esophageal SCC. Thus, Pin1 may influence cyclinD1 and p53 functions and predict CRT sensitivity.
Introduction
Esophageal cancer has one of the highest malignant potentials among gastrointestinal neoplasms. Despite recent improvements in surgical techniques, the prognosis of patients with advanced esophageal cancer remains poor (1) . Chemoradiotherapy (CRT) for esophageal cancer has been investigated since the 1980s, and the combination of 5-FU and cisplatin has been regarded as enhancing radiosensitivity (2) . Previous studies on CRT as a definitive treatment have indicated various advantages in esophageal cancer (3) (4) (5) . Thus, CRT is potentially an alternative to surgery, and investigating useful and sensitive indicators of the response to CRT in esophageal cancer is very important.
Advances in molecular biology have revealed many biologic markers related to the effectiveness of CRT in esophageal cancer. The extent of apoptosis correlates well with the response to radiation therapy and is affected by a variety of genes. The p53 gene plays a major role in radiationinduced apoptosis, because many studies have shown apoptosis to be increased by wild-type p53, but decreased by its mutation (6, 7) . Moreover, chemotherapy and radiotherapy are generally effective against tumor cells that have a high proliferative index. Indeed, tumors that respond best to radiation have a high Ki-67 index, a proliferation-associated marker (8) (9) (10) . Furthermore, cyclinD1 overexpression is thought to accelerate the cell cycle, and is correlated with an increased cell proliferative index in esophageal cancer (11) .
Oncogenesis comprises a complex series of multi-factorial processes that result in uncontrolled cell proliferation. One pivotal signaling mechanism that controls many cellular growth processes is the phosphorylation of proteins on serine/threonine residues preceding proline (Ser/Thr-Pro) (12, 13) . The Ser/Thr-Pro motifs present in a certain subset of phosphoproteins are specifically isomerized by the peptidylprolyl cis-trans isomerase Pin1 (14) (15) (16) (17) . Pin1-mediated prolylisomerization has been shown to potentiate the function of several oncogenic pathways. Pin1 elevates cyclinD1 gene expression by activating the c-jun/AP-1 and ß-catenin/TCF transcription factors (18, 19) . Moreover, Pin1 is involved in the DNA damage response through modulation of p53 functions upon genotoxic stress (20, 21) . Pin1 thus plays an important role in many pivotal cellular events, such as cell cycle progression, cell proliferation and oncogenesis.
Previous studies have indicated that Pin1 is highly overexpressed in several human cancers and that its expression levels parallel the malignant properties of tumors (18, 19, (22) (23) (24) .
We also reported that Pin1 expression is correlated with tumor progression and poor prognosis in patients with esophageal squamous cell carcinoma (SCC) (25) . In the present study, we evaluated the role of Pin1 as a regulator of cyclinD1 and p53, which influence the sensitivity of esophageal SCCs to CRT, in biopsy specimens obtained before CRT. We also determined whether the expression pattern of Pin1 could predict the clinical effectiveness of CRT in individual esophageal SCCs.
Materials and methods
Patients and samples. The study population consisted of 68 patients (59 males and 9 females) with esophageal SCC who had undergone pretreatment CRT at the Department of General Surgical Science, Gunma University Graduate School of Medicine, between 1995 and 2003, and for whom biopsy specimens were available for re-examination. The age of the patients ranged from 42 to 86 years with a mean age of 66.5 years. The tumors were staged according to the sixth edition of the TNM classification of the International Union Against Cancer (26) . All biopsy specimens were obtained before the start of CRT. All specimens were fixed in formalin, embedded in paraffin, and sectioned at a thickness of 4 μm. The samples were examined after hematoxylin and eosin (H&E) staining, and immunohistochemical studies were also performed. Patients were divided into three groups: complete response (CR), partial response (PR), and no response (no change, NC; and progressive disease, PD). Responses to CRT were evaluated by barium esophagography, endoscopy, and computed tomography according to the Guidelines for the Clinical and Pathologic Studies on Carcinoma of the Esophagus (2007) (27) . Three or four weeks after the last cycle of CRT, 13 of the 68 patients underwent esophagectomy combined with resection of regional lymph nodes.
Radiation and chemotherapy. Our radiation therapy treatment policy for esophageal carcinoma was to perform external beam irradiation of the primary tumor, the mediastinum and neck at a total dose of 40 Gy through anterior-posterior and posterior-anterior opposite fields. Then, an additional 20-30 Gy boost for a total dose of 60-70 Gy was delivered to tumors with oblique opposite shrunken fields to avoid irradiation of the spinal cord. Radiation therapy was performed with a linear accelerator using a 10-MV photon beam at a total dose of 40 Gy for preoperative cases and 60-70 Gy for inoperative cases. The dose was fractionated into 2 Gy daily, 5 fractions per week. One course of concurrent chemotherapy consisted of daily administration of 5-fluorouracil at 350-500 mg/m 2 as a continuous intravenous infusion over 24 h. The fluorouracil was administered 5 days a week for 4 weeks. Cisplatin or nedaplatin at 80 mg/m 2 was infused intravenously over a 2-h period, once, on day 1. In inoperative cases, we performed two courses of this regimen. The CRT protocol described above has been used previously (28) .
Immunohistological staining procedure and evaluation of staining. Immunohistochemical staining of biopsy specimens was performed by the standard avidin-biotin peroxidase complex method described previously (25) . Briefly, sections were incubated with anti-Pin1 polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at a dilution of 1:200, anti-cyclinD1 monoclonal antibody (clone P2D11F11, Novocastra Laboratories Ltd., Newcastle, UK) at a dilution of 1:50, and anti-p53 monoclonal antibody (clone DO7, Novocastra) at a dilution of 1:100. A negative control was prepared by substituting normal rabbit and mouse serum for each primary antibody. No staining was detected in any control section.
Pin1 immunostaining was evaluated visually and semiquantified by two of the authors (M.F. and Y.F.) in a coded manner, and then scored for the degree of expression. Normal squamous mucosa was always used as a positive control to ensure the quality of the immunostaining. Pin1 staining was classified as high (staining in 67-100%) or low (0-67%) based on the percentage of the tumor cells that were immunopositive and also the intensity of the staining, as described previously (25) . CyclinD1 staining was classified as high when >10% of the tumor cells were positive and low when <10% of the tumor cells were positive. Evaluation of p53 staining was classified as positive when >40% of tumor cells were stained and negative when <40% of tumor cells were stained. Overexpression of p53 protein, for which >40% of tumor cells were stained, indicated that the patient had a mutant p53 gene, therefore we divided p53 expression into two groups at the 40% expression level (28) .
As each of the Pin1-high, cyclinD1-high and p53-negative groups showed a higher CRT response than its counterpart, CRT sensitivity was scored as the number of these highsensitivity subgroups. Pin1 high staining scored 1 and Pin1 low staining scored 0. CyclinD1 high staining scored 1 and cyclinD1 low staining scored 0. p53 positive staining scored 1 and p53 negative staining scored 0. Thus, tumors were classified into 3 groups, a high-score group (score 3), a middle-score group (score 2) and a low-score group (score 0 or 1), following the addition of points from each expression profile (28) .
Statistical analysis. Statistical analysis was performed using the ¯2 test, Fisher's exact test, the Mann-Whitney test, and ANOVA method. Survival curves of the patients were calculated using the Kaplan-Meier method, and analysis was performed using the log-rank test in a univariate analysis. Statistical significance in this study was set as P<0.05.
Results
CRT effectiveness and patient characteristics. Forty-six of the 68 patients (67.6%) had an effective (CR+PR) response to CRT, whereas 22 patients (32.4%) had an ineffective response. No significant differences in patient characteristics were noted between the effective and ineffective groups (Table I) .
Correlations between Pin1 expression and clinicopathological features. In the normal squamous epithelium of the esophagus, Pin1 immunostaining was predominantly detected in the nuclei of terminally differentiated basal keratinocytes (Fig. 1A) . In cases of primary esophageal SCC, Pin1 staining was predominantly present in the nucleus, but also detected in the cytoplasm. Overexpression of Pin1 was found in 25 of 68 patients (36.8%) with primary esophageal cancer (Fig. 1B) . The remaining patients (43/68: 63.2%) showed weak Pin1 expression (Fig. 1C) .
Comparisons of Pin1 expression levels in biopsy specimens and clinicopathological characteristics revealed no significant association between Pin1 expression level and patient age, gender, tumor location, tumor differentiation, depth of invasion, lymph node metastasis, distant metastasis or pathologic stage (Table II) . Moreover, the survival rates of patients with low and high Pin1 expression did not differ significantly (data not shown).
Correlations between Cyclin D1 and p53 expression and clinicopathological features. CyclinD1 immunoreactivity was detected in 37 of the 68 patients (54.4%), and p53 immunoreactivity was detected in 27 (39.7%). There was no significant association between p53 or cyclinD1 expression levels and any of the clinicopathological characteristics examined, and there was no significant difference in survival rates between patients with and without cyclinD1 or p53 expression (data not shown).
Clinical responses and expression of Pin1, cyclinD1 and p53.
The relationships between Pin1, cyclinD1 and p53 expression and CRT responses are summarized in Table III . We found that 40.0% (10/25) of the Pin1 high group had a complete response to CRT, in comparison with only 14.0% (6/43) of the Pin1 low group. The clinical response of the high Pin1 expression group was significantly higher than that of the low expression group (P=0.0200). A statistically significant and positive correlation was observed between Pin1 expression and the effect of CRT on esophageal SCC. There was no significant correlation between the clinical response and the expression levels of cyclinD1 or p53. Moreover, Fig. 2 shows the clinical responses in patients with various Pin1, cyclinD1 and p53 combinations. Group A patients showed none or one of the following staining patterns: Pin1 high, cyclinD1 high and p53-negative staining. Group B patients showed two of these staining patterns. Group C patients showed all. For the combination of Pin1, cyclinD1 and p53 staining, there were significant differences between groups A and C (P=0.0495). In particular, group C patients showed a higher CR rate (50%) than group A and group B patients.
Discussion
Pin1 has been shown to play an important role in multiple steps in oncogenic signaling pathways (18) (19) (20) (21) (22) (23) (24) (25) . For example, Pin1 collaborates with Ras signaling to increase the transcriptional activity of c-Jun toward cyclinD1 (18) . Pin1 activates ß-catenin, which can induce the transcription of both cyclinD1 and c-Myc (19) . Furthermore, Pin1 is involved in the DNA damage response through modulation of p53 functions upon genotoxic stress (20, 21) . Moreover, Pin1 is overexpressed in human breast and oral cancers, and high Pin1 expression is correlated with tumor development and poor prognosis in patients with prostate cancer (22) (23) (24) . We also reported that Pin1 overexpression was associated with tumor progression and poor prognosis in patients with esophageal SCC (25) . CyclinD1 and p53 are known to be associated with the sensitivity of esophageal SCC to CRT (29) (30) (31) (32) (33) , but the details of their influences, as well as the effects of Pin1, remain unclear. In the present study, we evaluated the role of Pin1 as a regulator of cyclinD1 and p53 in sensitivity to CRT, in biopsy specimens of esophageal SCC, by immunohistochemistry. We found a statistically significant positive correlation between Pin1 expression and the effect of CRT on esophageal SCC (Table III) . Thus, Pin1 appeared to be a significant marker for predicting CRT sensitivity. However, there was no significant correlation between Pin1 expression and the Ki-67 index or apoptotic index (data not shown).
G1 progression was evaluated by the investigation of cyclinD1 expression. CyclinD1, which is frequently overexpressed in esophageal SCC, is the most crucial regulator of the G1 checkpoint (34) . There have been a few studies showing cyclinD1 expression to be associated with high susceptibility to CRT (29, 33) . Such a trend was not statistically significant in this study. The total cell proliferative activity was elevated by Ki-67 expression, which was strongest in the S phase, and which is observed in cell cycle phases other than G0. Generally, the CRT response cases had a high Ki-67 index, and therefore a larger population of cycling cells than cases with a low Ki-67 index (8) (9) (10) 33) . However, the difference was not statistically significant in our study (data not shown).
DNA damaging therapy, such as CRT, induces p53, which regulates the cell cycle at the G1 phase. Furthermore, because wild-type p53 protein induces apoptosis in cells with gene abnormalities, some investigations have suggested that p53 gene status is a useful indicator for predicting CRT sensitivity (6, 7, 35) . Generally, p53-positive tumors are associated with a poorer response to CRT than p53-negative (functional) tumors Table I . The effectiveness of CRT and patients characteristics. Table II . The correlation between clinicopathological characteristics and Pin1 expression. Table III . Pin1, cyclinD1, p53 and response to esophageal cancer to CRT. (30) (31) (32) (33) . However, such a trend related to p53 or the apoptotic index was not statistically significant in the present study (data not shown).
Although cyclinD1 and p53 play major roles in G1 progression, Pin1 is also required for G2-M progression and the DNA checkpoint (36) (37) (38) . Pin1 thus plays an important role in pivotal cellular events, such as cell cycle progression and cell proliferation. The effects on CRT sensitivity caused by Pin1 expression may result from cell cycle progression through the whole phase. However, cyclinD1 and p53 levels are reported to be correlated with the sensitivity of esophageal SCC to CRT (29) (30) (31) (32) (33) . Pin1 is a regulator of cyclinD1 and p53, and may influence cyclinD1 and p53 and predict CRT sensitivity (18) (19) (20) (21) . Including an assessment of Pin1 expression with a combined assessment of cyclinD1 and p53 expression might provide the clearest indicator of response to CRT, and could make it possible to predict responses in those patients in whom the combination of cyclinD1 and p53 expression alone is an inadequate predictor (Fig. 2) .
In conclusion, pretreatment evaluation of Pin1 expression is a useful and sensitive indicator of response to CRT in esophageal SCC. To predict the impact of CRT, it is also important to evaluate combined Pin1, cyclinD1 and p53 expression. Moreover, Pin1 overexpression was correlated with tumor progression in patients with esophageal SCC (25) . Thus, advanced esophageal SCC patients with Pin1 overexpression should be especially considered to undergo not only curative surgery, but also radiation and chemotherapy before or after surgery.
